Abstract The objectives of the study were to evaluate the association between lumbar paraspinal muscle density, evaluated on computed tomography (CT) and age, sex and BMI; and to evaluate the association of those changes with low back pain (LBP) and spinal degeneration features in a community-based sample. This study was an ancillary project to the Framingham Study. A sample of 3,529 participants aged 40-80 years had a CT scan performed to assess aortic calcification. 187 individuals were randomly enrolled in this study. LBP in the last 12 months was evaluated using self-report questionnaire. Density (in Hounsfield units) of multifidus and erector spinae was evaluated on CT. The prevalence of intervertebral disc narrowing, facet joint osteoarthritis (FJOA), spondylolysis, spondylolisthesis and spinal stenosis were also evaluated. We used linear regression models to examine the association of paraspinal muscles density with age, sex, BMI, LBP, and spinal degeneration features. The results show that in our study, men have higher density of paraspinal muscles than women, younger individuals have higher density than older ones and individuals with lower weight have higher muscle density than overweight. No differences between individuals with and without LBP were found. Significant association was found between L4 multifidus/erector spinae density and FJOA at L4-L5; between multifidus at L4 and spondylolisthesis at L4-5; and between erector spinae at L4 and L5 with disc narrowing at L4-5 and L5-S1, respectively. We conclude that the paraspinal muscle density decreases with age, and increases BMI. It is associated with at some levels FJOA, spondylolisthesis and disc narrowing at the same level, but not associated with occurrence of LBP.
Introduction
Low back pain (LBP) is one of the main contributing factors to disability and time lost from work in western countries [57] . Despite the high prevalence of back pain and intensive study in this area, our understanding of the pathogenesis of some types of LBP is still insufficient. There is very modest information about the role of the back muscles in the etiology of LBP.
Medical imaging techniques provide non-invasive and reproducible [6, 29] , information on muscle density, crosssectional surface area (CSA), and other characteristics of muscles such as fatty infiltration. In healthy (non-symptomatic) individuals, computerized tomography (CT) may show disc degeneration or nerve root compression, spondylolysis, spondylolisthesis, and spinal stenosis. However, these findings neither predict the risk of LBP nor correlate with clinical symptoms [49] . Although the lack of correlation between pathology and pain is largely argued to be due to the multifactorial nature of the report of pain (including other biologic, psychologic and social factors); it is also possible that the poor relationship is explained by other factors that have not been evaluated in a routine CT evaluation. Among such factors are degenerative changes in facet joints [25] , ligamentous damage [43] and changes (traumatic or degenerative) in paraspinal muscles [7, 37] .
The CSA and density of the paraspinal muscles are affected by several variables such as age, physical condition, diet, weight, and back pain. With increasing age, there is a reduction in muscle volume [13, 35] . Current evidence suggests that the paraspinal muscles are smaller in patients with chronic LBP [4, 6, 40, 50] than in healthy individuals of similar age. Reduced size of multifidus has also been reported in acute LBP [16] and recent animal work has shown rapid changes in CSA in the multifidus muscle following discrete injury to an intervertebral disc [17] . In several imaging studies, chronic LBP was found to be associated with CT-evaluated muscle density (measured in Hounsfield units) [14, 19, 28] . Despite the range of studies that have investigated the association between back pain and muscle changes, none has aimed to relate muscle changes to specific radiologically identified pathology of the spine.
The aims of this study were (1) to evaluate the association between lumbar paraspinal muscle density, evaluated on CT and age, sex and BMI; and (2) to evaluate the association of those changes with LBP and spinal degeneration features in a community-based population.
Methods

Study design
Cross-sectional study.
Sample
This project was an ancillary project to the Framingham Study; a study that began in 1948 as a longitudinal population-based cohort study of the causes of heart disease. Initially, 5,209 men and women between the ages of 30 and 60 years living in Framingham, Massachusetts were enrolled. In 1971, 5,124 offspring (and their spouses) of the original cohort were entered into a prospective cohort study. More recently, the third generation (Gen3) of participants was recruited. A sample of 3,529 participants of the Framingham study (from the Offspring and Gen3 cohorts) aged 40-80 years had a CT scan performed to assess aortic calcification. The recruitment and conduct of CT scanning have been previously reported [18, 45] .
During the latter part of the CT study, 191 participants were consecutively enrolled in this ancillary study to assess the association between radiographic features of the lumbosacral spine and LBP. Four individuals were not analyzed because of insufficient CT data.
LBP evaluation
All study participants undergoing multi-detector CT scan were asked to complete the modified Nordic Low Back Questionnaire [33] . The first question on this questionnaire was: ''Have you had low back pain on most days of at least one month in the last 12 months?'' Individuals' who answered ''yes'' or ''no'' on the above question, were categorized in the present study as either having back pain or not (dichotomous index). Similar methods have been widely used in studies of work-related LBP [8, 11] .
Imaging parameters
All eligible participants were imaged with an eight-slice multidetector CT (Lightspeed Ultra, GE, Milwaukee, WI, USA). Each subject underwent unenhanced abdominal CT that was performed using a sequential scan protocol with a slice collimation of 8 9 2.5 mm (120 KVp, 320/ 400 mA for 0.220 lbs body weight, respectively) during a single end inspiratory breath hold (typical duration 18 s). For the abdominal scan, 30 contiguous 5-mm thick slices of the abdomen were acquired covering 150 mm above the level of S1. CT scans were evaluated in blinded fashion with respect to clinical and personal data. To assess the reliability of spinal degeneration features evaluations on CT two readers (LK and AG) read and re-read 20 CTs separately and 2 weeks apart to assess the intra-and inter-rater reliability (kappa statistic). One musculoskeletal radiologist (AG) trained one reader (LK) that read all of the CTs, blinded to patient identifiers.
Paraspinal muscles density evaluation
The density of the multifidus and erector spinae muscles were measured in Hounsfield units (HU) on both the left and right side at level of middle part of L3, L4, and L5 vertebrae. It was evaluated by measuring the mean density in the region of interest, using a 6-mm circle in the center of the muscle mass of the studied muscles, without visible fat deposits, if possible (Fig. 1) . The measurement was done three times with slightly different location of the circle and the highest density value was used in the further analyses. A similar method was previously used in Keller et al. [29] study of paraspinal muscle density.
Evaluation of spinal degeneration features
All spinal degeneration features were evaluated between L2 and S1 spinal levels.
Intervertebral disc narrowing Disc narrowing was estimated using sagittal reformations using semiquantitative method proposed by Videman et al. [55, 56] . This method uses the following grades of disc narrowing: 0 = normal, disc higher than the upper disc (except disc L5-S1); 1 = slight, disc as high as the upper disc if it is normal; 2 = moderate, disc narrower than the upper disc if it is normal; 3 = severe, endplates almost in contact. For the present study, we collapsed this 4-grade score to dichotomous index: grades 0 and 1 were considered as no disc space narrowing and grades 2 and 3 as narrowed disc space.
Facet joint osteoarthritis (FJOA) Four grades of FJOA were defined using criteria described in Kalichman et al. [27] and similar to those published by Weishaupt et al. [58] . In the part of this study we used the dichotomized index that was constructed on the basis the presence or absence of FJOA (Cgrade 2) on any side at any level.
Spondylolysis and spondylolisthesis The entire lumbar spine was reviewed for each case, using bone windows. Spondylolysis and spondylolisthesis were defined as present or absent (dichotomous indices) for each subject.
Spinal stenosis Lumbar spine was reviewed using bone and soft tissue windows. For measurements of congenital spinal stenosis, the saggital measure of spinal canal was taken at the level of the middle of the vertebra. For measurements of acquired spinal stenosis, the saggital measure of spinal canal (between intervertebral disc, anteriorly and meeting point of two ligamenta flava, posteriorly) was taken at the level of intervertebral disc. We used 10-mm cut-points in the definition of spinal stenosis [2, 51, 54] . For this study, this index was dichotomized on the basis the presence or absence of lumbar spinal stenosis of any type and at any level.
Body mass index (BMI)
BMI was computed as the ratio of weight (in kg) divided by height (in m 2 ).
Statistical analysis
To evaluate the level and side specific association between spinal degeneration features and density of paraspinal muscles we used the original measurements of density. At the first stage, we compared the muscle density between three measured spinal levels and between the right and left sides. To summarize and reduce the original variables into fewer composite variables, without loss of information, we performed a principal component analysis, using the density measurements of three levels, and if both sides, for multifidus and erector spinae separately. The first principal components (DenMult, density of multifidus; and DenES, density of erector spinae) were used as the outcomes in further analyses. Second, to evaluate the association between paraspinal muscle density and classical epidemiological covariates, we performed linear regression analyses with muscle density indices as dependent variables and age, sex and BMI as independent variables. Third, we assessed the difference in muscle density between individuals with and without LBP, after adjusting for age, sex and BMI, and presented it graphically on a box-plot.
Finally, we evaluated if the density of paraspinal muscles was associated with the presence of spinal degeneration features. Using multiple linear regression models, we evaluated side and spinal level specific associations between densities of multifidus and erector spinae and FJOA, adjusting for age, sex and BMI. We also evaluated the spinal level specific associations between paraspinal muscles density and spinal degeneration features such as disc height, spondylolysis, spondylolisthesis and spinal stenosis at the corresponding levels. After that, we performed multiple regression analyses with muscle density indices as outcomes and spinal degeneration features as predictors, after adjusting for age, sex, and BMI. All statistical analyses were performed using SAS software, (SAS Institute Inc, Cary, NC, release 9.1). Fig. 1 The CT image of paraspinal muscles. The circles illustrate how the density measurements were performed
Results
Results of reliability tests (kappa statistics) were as follows: the intra-observer reliability for muscle density of multifidus and erector spinae evaluation at different levels varied between 0.94 and 0.99. The inter-observer reliability ranged from 0.70 to 0.97, respectively. The intra-observer reliability for disc narrowing varied at different spinal levels between 0.84 and 0.90. The inter-observer reliability for disc narrowing ranged from 0.78 to 0.88. The intraobserver reliability for grading different FJ OA indices varied between 0.64 and 0.91. The inter-observer reliability ranged from 0.59 to 0.94. The intra-observer reliability for identification of spondylolysis was 1.00. The inter-observer reliability was 0.98. For spondylolisthesis, the intraobserver reliability varied at different levels between 0.95 and 1.00, and the inter-observer reliability ranged from 0.75 to 0.98. The intra-observer reliability varied at different spinal levels between 0.95 and 0.98 for congenital stenosis and between 0.92 and 0.98 for acquired stenosis. The inter-observer reliability ranged from 0.80 to 0.92 and from 0.86 to 0.96, respectively. This range of kappa statistics represents good to excellent reproducibility. Table 1 lists the demographic characteristics of the 187 study participants. The study sample included 104 males and 83 females. The mean age was 52.6 ± 10.8 (age range 32-79). The mean BMI was 27.8 ± 5.0. Thirty-seven individuals, 18 (17%) men and 19 (23%) women suffered from LBP on most days in at least 1 month of the year that preceded the study.
The Pearson correlations between paraspinal muscle densities of right and left sides were very high, 0.83-0.90 (p \ 0.0001) at different levels. The correlations between paraspinal muscle densities of the same side, but different spinal levels were between moderate to high, 0.65-0.84 (p \ 0.0001). To summarize the dozen variables that were highly correlated, we performed principal component analysis and the first principal components that indicate the density of multifidus (DenMult) and density of erector spinae (DenES) were used in subsequent analyses. The corresponding scores were high and only one principal component with an Eigen-value[1.0 was identified. 78.3% of the total variation of density of multifidus muscles and 83.0% of the variation of density of erector spinae were retained in the principal components.
The association between DenMult and DenES and age, sex and BMI are shown in Table 2 . There are significant negative associations between paraspinal muscle density and age, sex and BMI. Men have higher density of paraspinal muscles than women, younger individuals higher than older ones and individuals with lower weight have higher density of paraspinal muscles than those who are overweight. The standardized residuals from these regression analyses were used for the comparison between individuals with and without LBP. A substantial proportion of the variability remains unexplained with the R 2 for DenMult and DenES models being 0.48 and 0.34, respectively.
The box-plots depicted in Fig. 2 show the comparison of density of paraspinal muscles between groups of individuals with and without LBP, after adjusting for age, sex and BMI. No significant differences between groups were found (p = 0.20 for multifidus; p = 0.14 for erector spinae). Analysis of side and spinal level specific association between FJOA and density of paraspinal muscles (Table 3) showed that after adjustment for age, sex and BMI, there are statistically significant associations mainly between DenES and DenMult at L4 level and FJOA at L4-L5 level. Statistically significant association (after adjustment for age, sex and BMI) were found also between DenES at L4 and L5 levels and disc narrowing at L4-L5 and L5-S1 levels, correspondingly; and between DenMult at L4 level and spondylolisthesis at L4-L5 level (Table 4) .
In a multiple regression analyses where muscle density indices were used as outcomes and spinal degeneration features as predictors, after adjusting for age, sex, and BMI, only spondylolisthesis showed statistically significant negative association with DenMult (p = 0.0225); and disc narrowing (p = 0.0579) and spondylolisthesis Statistically significant association at p \ 0.05 marked bold; statistically significant association at p \ 0.1 marked italic (p = 0.0844) showed a trend for negative association with DenES.
Discussion
A variety of muscles, including the long and short paraspinal muscles, psoas, and quadratus lumborum play essential roles in stabilization and movement of the spine [5, 44] and are potentially implicated in the genesis of back pain. There is a growing body of evidence for association between paraspinal muscles degeneration and LBP. In several imaging studies, LBP has been investigated in relation to paraspinal muscle CSA [1, 6, 12, 14, 16, 28, 41, 47, 48, 52] , MRI signal intensity [10] , and fat infiltration [1, 6, 12, 14, 19, 21, 23, 28, 32, 41, 47, 52] . In patients with chronic LBP, studies consistently show a decrease in CSA [6, 12, 23] , which may reach 10% compared to healthy individuals [19] . However, the extent of muscle changes is not necessarily related to symptom duration [39] . Danneels et al. [6] found the atrophy was selective for multifidus, as neither the psoas nor erector spinae muscle masses were significantly smaller compared with matched controls. Hides et al. [16] found marked wasting of multifidus on the symptomatic side, isolated to one vertebral level in patients with acute LBP. They proposed that the wasting was not likely to be due to disuse atrophy because of the rapidity of onset and localized distribution. Animal studies have shown atrophy to develop rapidly after experimental injury to an intervertebral disc [17] . Again these changes were localized to the level of injury and were associated with rapid changes in intra-muscular fat. Several studies evaluated the association between CT-evaluated paraspinal muscles density and LBP [14, 15, 19, 28, 29, 34, 40] . Muscle density is an expression of degeneration of the muscles and reflects the number of muscle fibers, the area of the individual muscle fiber, and the packing of the contractile material [22] , whereas the CSA is mainly determined by the total number of muscle fibers, to a lesser degree, the size of the fibers [35, 36] , and the quantity of fat in the muscle [6, 9] . Laasonen [34] more than two decades ago described the decrease in CT-evaluated density of sacrospinal muscles after spinal surgery. In a study of Hultman et al. [19] , CT-evaluated density of erector spinae was significantly decreased in males with chronic (more than 3 years) LBP compared to males without chronic LBP. However, there was no association between muscle density and strength and endurance parameters. Hicks et al. [14] in a large population-based sample (n = 1,527) also found that lower paraspinal muscle density was associated with higher LBP severity during the past year. The study demonstrated that paraspinal muscle density was more consistently associated with physical function than CSA.
In the present community-based study, we found no association between paraspinal muscles density and the occurrence of LBP in the last year. Therefore, we cannot support the hypothesis of association between paraspinal muscle density and LBP. However, this could be related to our criteria for back pain, or because our measure combined data across levels, which may have reduced the sensitivity. This is important to consider as several earlier studies have identified changes only at specific levels of the spine [6, 16] . In this study, we could not investigate changes specifically associated with the level of pain as it was not possible to determine which was the symptomatic level(s) in this population. It is also possible that the study sample was not large enough to detect an association between LBP and muscle density as we had only 38 individuals with LBP. Furthermore, the variables used in this study for LBP estimation may not have had sufficient sensitivity; it is possible that changes in muscle may be more prevalent in those with greater intensity or duration of pain.
Our study is the first to show that CT-evaluated paraspinal muscle density is associated with specific features of spinal degeneration such as FJOA, disc narrowing and spondylolisthesis. The data about prevalence of spinal degeneration features in this studied sample and their association with LBP were previously published [24, 26, 27 ]. Although we were only able to identify a significant relationship between multifidus density and spondylolisthesis when we used the summative measure from the principle component analysis, when data were considered separately for each level we identified an association between muscle density of multifidus and/or erector spinae at a specific lumbar level and FJOA, disc narrowing, and spondylolisthesis and related levels. This is consistent with data of Hides [16] , and Hodges [17] following acute pain/ injury and Danneels [6] in chronic LBP, L4 multifidus density was reduced in association with FJOA or spondylolisthesis at L4-5. As multifidus fibers arising from L4 arise from the caudal border of the spinous process and adjacent lamina [38] , their bulk lies adjacent to L5. Taken together with the location of sampling (in the lateral region of the muscle related to longer more superficial fibers of the muscle), this suggests greatest density change in the long fibers arising from proximal segments. This also applies to the erector spinae data.
A recent MRI study [20] showed asymmetry in MRIevaluated density of pure muscle CSA in 78.6% patients with unilateral lumbosacral radiculopathy in comparison with 24% in individuals with herniated intervertebral disc or 10% in a healthy control group. The presence of paraspinal muscle changes in people with spondylolisthesis, as it was shown in the present study, provides further understanding of the possible mechanisms for efficacy of exercise in interventions in LBP. For instance, O'Sullivan et al. [42] reported good clinical efficacy (decreased pain intensity and functional disability) of specific training of muscles surrounding the spine in individuals with spondylolysis and spondylolisthesis. Our data that also show a relationship of FJOA (multifidus and erector spinae) and disc space narrowing (erector spinae) with muscle changes provides justification for trials of training in other populations.
Results of our study demonstrated that paraspinal muscle density is higher in men than in women and it decreases with age. Surprisingly, we found only one publication that described the sex differences in CT-evaluated muscle density [3] and one about the change of the density with age [53] . Previous studies of healthy individuals have found smaller CSA of paraspinal muscles in women than men [30] and decreased CSA with advancing age [39, 46] . We believe that additional studies are needed to establish the normal parameters of paraspinal muscle density for males and females and for different age groups. This would enable identification of pathological deviation in parameters of muscle density and development of prevention and treatment strategies for spinal degeneration conditions.
In the present study, we found a statistically significant negative correlation between paraspinal muscle density and BMI. Similar negative association has been found between CT-evaluated muscle density measured in the mid thigh and BMI [31] . On the other hand, no association has been found between fat deposits in the back muscles, evaluated by MRI, and weight [32, 46] .
There are some limitations of our study that warrant further discussion and investigation. The relation between muscle density and some of the spinal degeneration features were not found consistently at all levels on both sides could be a consequence of multiple testing. These findings need to be replicated and ideally done so in larger study samples than our own.
Conclusions
Results of our community-based study demonstrated that CT-evaluated paraspinal muscle density decreases with age, and increasing BMI. We found some side and spinal level specific association between FJOA and density of multifidus and erector spinae, and spinal level specific association between density of multifidus and spondylolisthesis and between density of erector spinae and intervertebral disc narrowing. No association was found between paraspinal muscle density and occurrence of LBP. Additional studies, especially longitudinal ones, are needed to establish the association between LBP, spinal degeneration features and change in paraspinal muscle density.
